We report the global distribution of areas exhibiting no absorption features (featureless or FL) on the lunar surface, based on the reflectance spectral data set obtained by the Spectral Profiler onboard Kaguya/SELENE. We found that FL sites are located in impact basins and large impact craters in the Feldspathic Highlands Terrane, while there are no FL sites in the Procellarum regions nor the South Pole-Aitken basin. FL sites in each impact basin/crater are mainly found at the peak rings or rims, where the purest anorthosite (PAN) sites are also found. At the local scale, most of the FL and PAN points are associated with impact craters and peaks. Most of the FL spectra show a steeper (redder) continuum than the PAN spectra, suggesting the occurrence of space weathering effects. We propose that most of the material exhibiting a FL spectrum originate from space weathered PAN. Taking into account all the occurrence trends of FL sites on the Moon, we propose that both the FL and PAN materials were excavated from the primordial lunar crust during ancient basin formations below the megaregolith in the highlands. Since the FL and PAN sites are widely distributed over the lunar surface, our new data may support the existence of a massive PAN layer below the lunar surface.
Introduction
Recent remote sensing observations of the Moon have revealed the existence of several kilometer wide sites with exposed end-members of various lunar minerals, namely, olivine-rich sites [Yamamoto et al., 2010 [Yamamoto et al., , 2012b Isaacson et al., 2011] , purest anorthosite (PAN) sites [Ohtake et al., 2009; Yamamoto et al., 2012a; Donaldson Hanna et al., 2014] , orthopyroxene-rich (LCP: low-Ca pyroxene) sites [Nakamura et al., 2009 [Nakamura et al., , 2012 , clinopyroxene-rich (HCP: high-Ca pyroxene) sites [Ogawa et al., 2011; Yamamoto et al., 2015] , and spinel-rich sites [e.g., Sunshine et al., 2010; Pieters et al., 2011; Dhingra et al., 2011; Yamamoto et al., 2013] . The identification of these sites is based on diagnostic absorption bands of 1 μm and 2 μm in continuous reflectance data (hyperspectral data) obtained by remote sensing observations.
On the other hand, it has been reported that several areas on the Moon exhibit no absorption bands for 1 μm and 2 μm (hereafter, featureless (FL) spectra) [e.g., Spudis et al., 1984; Pieters, 1986; Peterson et al., 1995; Hawke et al., 2003] . The FL spectra differ from the typical spectra for the mature mixing layers in the highlands with discernible 1 μm absorption bands. In previous studies, it has been interpreted that the FL spectra come from shocked anorthosite [Spudis et al., 1984; Pieters, 1986; Peterson et al., 1995] or pure anorthosite affected by space weathering [Lucey, 2002] . Thus, the areas exhibiting FL spectra (hereafter, FL sites) may indicate the existence of residual anorthosite on the Moon, where has been modified by shocked alteration and/or optical alteration by space weathering. If so, understanding the global occurrence trends of the FL sites would provide important information on the origin and evolution of the lunar anorthositic crust. Since observations of the FL spectra of the Moon are limited, the global distribution of FL sites remains unclear. In this study, we conducted a global survey using the reflectance data obtained by the Spectral Profiler (SP) onboard Kaguya/SELENE to reveal the global distribution of FL sites on the Moon.
Methods: Global Survey for FL Spectra
The SP has obtained reflectance spectra of the Moon at ∼70 million observational points with a spectral resolution of 6-8 nm (0.5 by 0.5 km footprint) , allowing us to conduct a global survey for a specific spectrum over the entire lunar surface. We determined the FL spectra from all of the SP data as follows. We first rejected data for which the radiance I at a wavelength = 0.5126 μm is less than 14 W m −2 μm −1 sr −1 , because the signal-to-noise ratio for data with I <∼14 W m −2 μm −1 sr −1 is too low to assess whether there is an absorption feature in the reflectance spectra. For data with I ≥ 14 W m −2 μm −1 sr −1 , we obtained the corrected reflectance using Apollo 16 soil 62231 [Pieters, 1999] and data from Apollo 16 landing site observations by the SP [Yamamoto et al., 2011 [Yamamoto et al., , 2014 .
In this FL survey, we do not use the photometrically corrected reflectance, because it is not easy to obtain the exact absolute value of the reflectance for the SP data [see Pieters et al., 2013; Besse et al., 2013; Ohtake et al., 2013] . First, there is the relative difference in the sensitivity of the SP spectrometers between the preflight and in flight, and the correction for this difference is still incomplete [Yamamoto et al., 2011 [Yamamoto et al., , 2014 . Second, one SP footprint with size of about 500 m × 500 m has local variations, rather than a flat surface. In other words, even one SP footprint has various optical conditions with different solar incident and emission angles. Thus, although we can obtain the average photometrically corrected reflectance, it is not easy to reproduce exact photometrically corrected reflectances for the SP data. (Note that the official Level 2C SP product provides the photometrically corrected reflectance when the Moon is assumed to be a perfect sphere [Yokota et al., 2011] .) Therefore, the SP photometrically corrected reflectance cannot be used for a direct, quantitative comparison to the laboratory data, where the target surface is set to be a flat.
In any case, the purpose of this study is to find the FL spectra which exhibit no clear absorption band for 1 μm and 2 μm. In order to assess whether each spectrum has 1 μm and 2 μm bands, we use the continuum removed reflectance R c rather than the photometrically corrected reflectance. We derived R c by searching for the two tie points of the continuum in = 0.7 and 1.6 μm for the 1 μm band based on a regression fit for each spectrum with a straight line with a variable slope and intercept. This has an advantage that all reflectance values around the 1 μm band are located below the continuum line [see also Bhatta et al., 2012] , making it easy to check whether or not the 1 μm band exists. For the continuum for 2 μm band region, based on Apollo bulk soil spectra retrieved from the RELAB database, we assumed a straight line with a slope 0.8 times that of the continuum of the 1 μm band, where the soil data are the same as that used in Fischer and Pieters [1994] . The shorter tie point for the continuum of the 2 μm band is set to be the same as the longer tie point for the continuum of the 1 μm band.
In this FL survey, we rejected any spectra whose absorption depth at a wavelength of d is greater than a critical depth d c . We need to avoid the detection of mature regolith spectra in the mixing layers, especially in Feldspathic Highlands Terrane (FHT) region [Jolliff et al., 2000] , because the mature lunar soils returned by the Apollo missions show 1 μm band with an absorption depth > 2-3% [Fischer and Pieters, 1994] . In addition, it has been shown that the SP data for mature regolith areas at Apollo 16 landing sites show discernible absorption features with an absorption depth ≳ 3% at 1 μm [Yamamoto et al., 2011] . Therefore, we used d c = 0.01 (1%) for the 1 μm band to avoid the mature regolith spectra. (In section 4.2, we will also discuss how the results depend on d c .) We selected d = 0.9326, 0.9797, 1.0517, and 1.2520 μm for the 1 μm band, which correspond to the diagnostic absorption wavelengths for LCP, HCP, olivine, and plagioclase, respectively. For the 2 μm band, we need to reject spectra of lunar spinels which exhibit a prominent 2 μm band. According to the analysis of the SP data by Yamamoto et al. [2014] , the band depth ratios of 2 μm to 1 μm for lunar spinel spectra are typically greater than ∼3. We thus used d c = 3% for d = 1.9977 μm to avoid the spinel spectra. We selected the spectra which were not rejected by the above conditions as FL spectra among all the SP data. Finally, 306 points were detected as FL points. Figure 1 shows an example of FL spectra used in this survey obtained at (A) the Moscoviense, (B) Humboldtianum, and (C) Freundlich-Sharonov basins. For comparison, SP data for the olivine-rich site at (F) Mare Frigoris, (D) the PAN site at the Grimaldi basin, and (E) the Mg-spinel-rich site at the Moscoviense basin are plotted [Yamamoto et al., 2010; Pieters et al., 2011; Yamamoto et al., 2012a Yamamoto et al., , 2013 . We can see that the FL spectra show a smooth feature for > 0.7 μm compared to the other lunar minerals. We also plot typical spectra for the uppermost mixing layers in the FHT, which are dominated by mature soils affected by space weathering and soil developments (G, H, and I). We can see a discernible 1 μm band at ∼ 0.9-1.0 μm for the mixing layers. Thus, the FL spectra found by this study are different from those of typical mixing layers. Figure 2 shows the global distribution of the FL points. We can see that the detection points are clustered into several local areas. These are associated with the major lunar impact basins in the FHT: e.g., ( Figure 2 includes the areas where spectra without the 1 μm band were observed by previous ground-based observations (e.g., Orientale by Hawke et al. [2003] ). On the other hand, there are no FL points inside the Procellarum KREEP Terrain (PKT) and the South Pole-Aitken (SPA) basin [Jolliff et al., 2000] . Furthermore, even the highlands in the nearside (e.g., around the Tycho crater, Figure 2 . Global distribution of FL points (white circles). For comparison, the data of PAN points by Yamamoto et al. [2012a] are plotted (red circles). Each letter corresponds to a location in the list in Table 1 . The background is the total crustal thickness map [Ishihara et al., 2009]. where the HCP-rich spectra are found [Hawke et al., 1986; Pieters, 1986; Lucey and Hawke, 1988; Yamamoto et al., 2015] ) do not exhibit a FL point.
Results

Spectral Features of FL Spectra
Global Distribution of FL Points
In Figure 2 , we also plot the global distribution of PAN points found by the previous global survey by the SP [Yamamoto et al., 2012a] . We found that most of the impact basins and impact craters with FL points also possess PAN points. Table 1 lists the impact basins/craters with FL spectra and also notes the occurrence of other major lunar minerals. 18 of the 22 impact basins/craters with FL points also exhibit PAN points. The 93 FL points are found around the Freundlich-Sharonov, Hertzsprung, Dirichlet-Jackson, and Korolev basins (B, C, D, and F in Figure 2 ). These four basins are located in the center of the FHT, where the crust thicknesses are thicker than other regions. Especially, the Dirichlet-Jackson and Korolev basins are located near the thickest crustal region on the Moon. On the other hand, we may see that PAN sites are uniformly distributed on the highlands, as compared to the FL sites. This may indicate that the FL sites tend to be found on the thicker crustal regions than the PAN.
Distribution of FL Points in Each Impact Structure
Figures 3a and 3b show the local distribution in the Orientale basin. We can see that the FL points are distributed along the peak rings of this basin, while there are no FL points in the center region. The PAN points found by Yamamoto et al. [2012a] are also distributed along the peak rings, with no points in the center region. Thus, the occurrence of the FL points seems to be the same as that of the PAN points in this basin. The similarity of the occurrence of FL and PAN points is observed for other impact basins. Figures 3c and 3d show the local distribution of the FL and PAN points in the Hertzsprung basin, for which both are distributed around the peak rings, while the center region of this basin does not exhibit any FL and PAN points. Figures 3e and 3f show the local distribution of the FL and PAN points in the Freundlich-Sharonov basin. While there are no FL and PAN points in the center region (at Lacus Luxuriae), the FL points are mainly distributed around the inner and outer rings of this basin.
Figures 4a and 4b show the distribution of the FL and PAN points in the Dirichlet-Jackson basin. The FL points are found in the Jackson crater ("A") located on the rim of this basin, where many PAN points are found [Ohtake et al., 2009; Yamamoto et al., 2012a] . Several FL points are distributed in an unnamed crater ("B") near the western rim of this basin. In the center region of this basin, most of the detection points seem to lie in an area that is thought to be the inner ring of this basin, although the features of the inner ring are not clear in the altitude and mosaic map data.
Figures 4c and 4d show the distribution of the FL and PAN points in the Korolev basin. Many FL and PAN points are distributed in the inner ring region of this basin, while several FL points are found around the rim of the basin. Figures 4e and 4f show the distribution of the FL and PAN points in the Coulomb-Sarton basin, for which the FL and PAN points are found near the area that is thought to be the inner ring of this basin.
In summary, the FL points are found along the peak rings and the outer ring (the basin rims), while there are no FL points in the center region. There is a similarity in the occurrence of FL and PAN points for each impact basin. The same occurrence trends can be seen for the other impact basin/craters listed in Table 1 .
Local Distribution
At a localized scale, the FL points are found on the peaks and in small impact craters in impact basins or large complex craters. Figure 5a shows the local distribution of FL points around the Virtanen crater (C in Figures 3e and 3f ) in the Freundlich-Sharonov basin. We can see that FL points are distributed outside the Virtanen crater, while the PAN points are concentrated on the rim of the Virtanen crater. A similar pattern can be seen for the local distribution of FL points in the Debye crater as shown in Figure 5b . There is a fresh 10 km sized crater in the Debye crater. Several PAN points are found within this crater, while the FL points are distributed outside this crater. The difference in the occurrence between the FL and PAN points in a crater will be discussed later.
Figures 6a and 6b show the local distribution of FL points at the A and B points in Figure 3a /3b, which are located on the peaks in the inner ring of the Orientale basin. The FL and PAN points are found at the foot or on the slopes of the peaks. Figures 6c and 6d show magnified images around the PAN and FL points (light blue rectangles) in Figure 6b . We can see boulders around the detection area of the PAN point (Figure 6c ), while there are no boulders around the FL point (Figure 6d ). The maximum size of the boulders in Figure 6c appears to be about 20-30 m. This may indicate that the area with the PAN point is fresher than that with the FL point, because boulders are one of the most important indicators of freshness [Baker and Head, 2015] . We cannot give quantitative statement for the freshness based on the roughness for the local distributions of FL and PAN, because the horizontal effective resolution of the TC DTM is ∼150 m [Yokota et al., 2014] .
Discussion
It now remains to be determined what the carrier is for the FL spectra on the Moon and what could have caused the occurrence of the FL sites. 
Material Exhibiting a FL Spectrum
We first discuss the origin of the FL materials. We start by considering that the amount of pyroxene in the FL area should be extremely small, because pyroxene is an optically strong mineral and even a small amount of pyroxene produces a strong 1 μm absorption band. Also, space weathering cannot erase the pyroxene absorption completely. Figure 7a shows the model spectra for a mixture of 90% plagioclase with 10% LCP for various , where is the amount of submicron iron (SMFe) particles, which represents the degree of space weathering [Hapke, 2001; Lucey, 2002] . (In this paper, the value of is defined as the total volume fraction of SMFe particles within a soil grain, which is the same definition as that in Hapke [2001] .) It is shown that an increase in results in reddening, darkening, and weakening of the absorption features. However, even for ∼ 0.01 wt%, R c in Figure 7b shows a discernible 1 μm band with an absorption depth of ∼3-4%. When we increase further (e.g., = 0.03 wt%), the reflectance shows an inherent absorption feature at ∼ 0.7 μm due to SMFe particles, which is not consistent with the FL spectra found by this study. Therefore, the space weathering effects for a mixture with only 10% pyroxene cannot account for the FL spectra. Note that mature lunar soils also show a discernible 1 μm band with an absorption depth > 2-3% due to ferrous iron minerals such as pyroxene [Fischer and Pieters, 1994] . In addition, the absorption features for pyroxene cannot be erased by the shocked process by impacts [Adams et al., 1979] .
As an alternative, we propose plagioclase-dominated materials such as PAN for the material exhibiting a FL spectrum. Although PAN shows a 1.25 μm band feature, Lucey [2002] demonstrated that the effects of space weathering on a mixture of 99% plagioclase with 1% LCP reproduces the FL spectrum. We have calculated the spectra for PAN for various . Figures 7c and 7d show the model spectra for various for 100% plagioclase with 0.25 wt% Fe. (Here we assume that 100% plagioclase includes 0.25 wt% FeO contamination, because a small amount of Fe is needed to reproduce the 1.25 μm absorption [Adams and Goullaud, 1978] . This value is not related to the SMFe ( ) due to space weathering.) We can see that the spectrum even for = 0.003 wt% shows a FL spectrum with an absorption depth of less than 1%. Note that for the case of pyroxene, the result with = 0.003 wt% shows >6% absorption depth in Figure 7b . When we increase further (e.g., = 0.03 wt%), the reflectance shows an inherent absorption feature at ∼ 0.7 μm due to SMFe particles with a weak 1 μm absorption, while the 1.25 μm band disappears. In the actual lunar environment, there would exist the saturated limit of the degree of space weathering [Fischer and Pieters, 1994] , and we may not observe such inherent absorption feature at ∼ 0.7 μm due to SMFe particles in the SP data. (In any case, our FL survey would reject the spectrum with an inherent absorption feature at ∼ 0.7 μm, because this also exhibits the ∼1 μm absorption.)
If the FL spectra come from PAN affected by space weathering, the continuum slope for the FL spectra should be redder than that for PAN, and the albedo for FL sites should be darker than that for PAN. In order to examine the relation between the reddening and the albedo, we plot the degree S red of the reddening against R ph,0.75 μm for the FL and PAN points in Figure 8a , where S red is defined as S red = R ph,1.6 μm ∕R ph,0.75 μm , and R ph,1.6 μm and R ph,0.75 μm are photometrically corrected reflectances at = 1603.7 nm and 752.8 nm, respectively. It is clearly shown that S red for FL sites is greater than that for PAN. Figure 8b shows the cumulative distribution of R ph,0.75 μm for the FL and PAN data. We can see that the R ph,0.75 μm for FL data ranges from 0.05 to ∼ 0.25, while the R ph,0.75 μm for PAN ranges from 0.05 to ∼ 0.55. This indicates that the FL spectra tend to have darker albedo than PAN spectra. Furthermore, Figure 8c shows the relation between S red and the absorption depth at = 1.25 μm for PAN obtained by Yamamoto et al. [2012a] . We can see that S red increases with decreasing absorption depth, suggesting that the slope for PAN depends on the degree of space weathering. All these facts are consistent with the space weathering hypothesis for FL material production from PAN.
The previous experiments demonstrate that the shocked process can effectively erase the 1.25 μm absorption band (Fe 2+ features) in plagioclase [Adams et al., 1979; Bruckenthal and Pieters, 1984; Johnson and Hörz, 2003] . While the shocked process for PAN can result in a decrease in albedo of ∼30% [Adams et al., 1979] , reddening by the shocked process was not reported in the previous experiments [Adams et al., 1979; Bruckenthal and Pieters, 1984; Johnson and Hörz, 2003] . Since S red for FL sites is greater than for PAN in Figure 8a , our data indicate that the shocked origin is not a major process for FL production on the lunar surface. This result would place an upper limit on shock in basin rings and central peaks. However, this does not mean that no FL material is produced by the shocked process, because it is possible that the shocked process originally erases Figure 6b . The size of the red and yellow rectangles drawn in the figures corresponds to the SP footprint size (∼ 500 m). The background map is the Kaguya TC mosaic map. the 1.25 μm absorption band in the plagioclase, and then the space weathering process for such plagioclase produces a larger S red . Nevertheless, in this case, we must explain why there are no FL data with lower S red in Figure 8a .
Grain refining effects may also contribute to the production of the FL spectra. In general, the absorption depth decreases and reflectance increases with decreasing grain size [Hapke, 2001] , which is not consistent with the trend in Figure 8 , where the FL spectra are darker than PAN. Thus, although the grain refining effect may contribute to the weakening of the absorption depth, this effect cannot alone account for the FL spectra on the Moon.
In summary, we conclude that the materials exhibiting FL spectra could be mainly PAN affected by space weathering, although some may originate from the shocked anorthosite, and the grain refining effect may also contribute to the production of the FL spectra on the Moon.
Relation Between the Global Distribution and the Degree of Featurelessness
If the most of the FL spectra are due to PAN affected by space weathering, the total number of FL points and the distribution should depend on the critical absorption depth used in the global survey. In order to see how the results depend on the critical absorption depth, we conducted a global survey for the cases of d 1 μm = 1.2%, 1.5%, 2.0%, and 3.0%. Figure 9 shows the global distributions for these four cases. The total number of FL points increases dramatically with increasing d 1 μm : 1,039 (1.2%), 4,100 (1.5%), 39,655 (2.0%), and 1,148,355 (3.0%), respectively. It is clearly shown that the distributions of the detection points expand compared to the case of d 1 μm = 1.0%. The results for 1.2% and 1.5% show that most of the detection points appear to be concentrated in the same impact structures as for d 1μm = 1.0% in Figure 2 . On the other hand, for the case (100%) anorthosite, where is the amount of submicron iron particles (SMFe). We use LCP with a composition of 15% FeO, 3% CaO, and 82% MgO. The 0.25 wt% FeO in the anorthosite is included as a contaminant, and this value is not related to due to space weathering. Here we assume a grain size of 30 μm, solar incident angle of 30 ∘ , and emission angle of 0 ∘ . (Figure 9c ), the distribution of the detection points expands outside these impact structures. Moreover, for the case of d 1 μm =3.0%, most of the FHT regions are covered with detection points. Note that the mature lunar soils returned by the Apollo missions show a discernible 1 μm band with an absorption depth > 2-3% due to ferrous iron minerals such as pyroxene [Fischer and Pieters, 1994] . Thus, the detection points for d 1 μm > ∼2-3% correspond to the mature regoliths in the mixing layer in the highlands, while the spectra with absorption depth <2.0% are exclusively dominated by PAN affected by space weathering.
Relation Between FL and PAN Points at the Local Scale
In the Debye and Virtanen craters, there is a difference in the occurrence between the FL and PAN points (i.e., ejecta area and crater wall). This difference can be explained by the difference in the degree of space weathering as follows. Before the formation of these craters, PAN-rich materials existed over the floor of the Debye crater and the Freundlich-Sharonov basin. Then, space weathering would have weakened the 1.25 μm absorption band in the plagioclase for the uppermost PAN-rich layers, producing FL spectra. The formation of the 10 km sized fresh impact crater or the Virtanen crater excavated fresh PAN-rich materials from below the There is a lack of data for absorption depths less than 0.05 because of the threshold value in the algorithm used in the PAN survey [Yamamoto et al., 2012a]. uppermost layers affected by the space weathering. This is why the PAN points are concentrated at the wall and rim of these fresh craters, and the FL points are distributed on relatively flat areas outside these craters.
In addition, in the peak rings of the impact basins, there is also a tendency for the FL points to be found mainly at the foot of the peaks, while the PAN points are found on the sloped areas of the peaks. For example, in Figure 6a , the FL point is located near the boundary between the peak and flat area, while the PAN point is found at the sloped area. This is consistent with the space weathering hypothesis. Furthermore, in Figures 6c  and 6d , we can see boulders at the PAN point, while no boulders are found at the FL point. This also supports the area with the PAN being fresher than that with the FL point, which is consistent with the space weathering hypothesis, because the presence of boulders is one of the most important indicators of freshness [Baker and Head, 2015] .
Possible Scenario for the Occurrence Trends of FL Sites on the Lunar Surface
Here we discuss what produced the occurrence trends of the FL sites on the lunar surface. As seen above, there are three important features of the occurrence of the FL points. First, the global distribution shows that the FL points are associated with large impact structures such as the impact basins and large impact craters in the FHT. Second, in each impact structure, the occurrence trends of the FL points are the same as those of Figure 9 . Global distributions of FL points for critical depths d 1 μm of (a) 1.2%, (b) 1.5%, (c) 2.0%, and (d) 3.0%. The background is the total crustal thickness map [Ishihara et al., 2009]. the PAN points. Third, at the local scale, the FL and PAN points are distributed around or inside the impact craters/peaks, where the PAN points tend to be found at fresh impact craters or sloped areas of the peaks, while the FL points tend to be found at relatively flat areas. Furthermore, the FL spectra are due to PAN affected by space weathering.
In order to explain these features, we propose the following scenario. Figure 10 shows a schematic diagram of the evolution of the lunar crust in the FHT. For clarity, we omit the lunar lower crust [Hawke et al., 2003] , which is not important in this scenario regarding the occurrence trends of the FL points on the lunar surface. Figure 10a shows the age just after the formation of the megaregolith on the lunar primordial crust composed of PAN, which was formed during the Lunar Magma Ocean (LMO). In this scenario, we assume that the megaregolith in the FHT originated from the ejecta of huge impact basins such as the SPA or the putative Procellarum impact basin [Hawke et al., 2003; Nakamura et al., 2012; Lucey et al., 2014; Melosh et al., 2014] .
Then, the formation of the large impact structures such as impact basins could have excavated and exposed the PAN materials below the megaregolith on the lunar surface (Figure 10b ). Since the ages of the impact basins are ancient (≳3.8Ga), later ejecta coverage and soil developments obscures the PAN spectra on the surface (Figure 10c ). The mixture of the megaregolith and the ejecta including PAN excavated by the basin formations also produced the uppermost mixing layer in the FHT. The uppermost mixing layer may correspond to the global distribution with d 1 μm ≳ 3% in Figure 9d . Recent, small-scale impacts could have subsequently excavated the fresh PAN material (Figure 10d ). Some PAN exposure areas, especially at relatively flat areas, could have been affected by space weathering, producing FL spectrum areas. Outside the impact 10.1002/2015JE004935 basins, small-scale impacts excavate the uppermost mixing layer, which is spectrally dominated by LCP [Pieters, 1986; Hawke et al., 2003; Lucey et al., 2014] .
This scenario can explain why the FL and PAN sites are associated with the impact basins and large impact craters in the FHT. This also explains why the same occurrence trends for PAN and FL points are observed in each impact basin. This is also consistent with the features of the mixing layer spectrally dominated by LCP [Pieters, 1986; Hawke et al., 2003; Lucey et al., 2014] . Furthermore, this may be consistent with an existence of PAN-bearing farside lunar meteorites, such as the Dhofar 489 group [Nagaoka et al., 2014] . Although Parmentier and Liang [2010] , Piskorz and Stevenson [2014] , and Yamamoto et al. [2015] proposed the possibility that there is an interstitial mafic melt layer at the thin, top layer of the crust, such a small amount of mafic does not affect this scenario.
The scenario for the outside of the FHT (e.g., PKT terrain) could be more complex than the inside of the FHT shown in Figure 10 . However, the basic concept may be the same. Even in the outside of the FHT, the PAN and the FL originate from the primordial PAN crust. Outside the FHT, the most parts of the original PAN crust may have been lost owing to the excavation of the huge impact basins such as SPA impact and putative Procellarum impact [e.g., Nakamura et al., 2012] . Note that there are no PAN/FL sites in the center regions of SPA and the PKT. If the Procellarum impact basin is not impact origin, the mare basaltic eruptions in the PKT might have obscured PAN spectra on the surface, and the later basin/large crater formations may have excavated the PAN materials to expose to the surface. Such complex history may account for the small numbers of PAN and FL sites for the outside of the FHT, because the contamination of small amount of mafic minerals such as pyroxenes can easily erase the PAN and FL spectra.
Conclusions
We have revealed the global distribution of FL sites on the Moon. We found three main occurrence trends for the FL points: (1) they are mainly associated with impact basins/craters in the FHT; (2) in each impact basin/crater, they are mainly found at peak rings or rims, where PAN points are also found; and (3) at the local scale, the FL and PAN points are distributed around or inside the impact craters/peaks, though the PAN points tend to be found on sloped areas and FL points tend to be found at relatively flat areas. We proposed that most of the carriers of the FL materials could originate from PAN affected by space weathering. Both the FL and PAN materials originate from the primordial lunar crust excavated by ancient basin formation below the megaregolith in the FHT. The fact that most of FL spectra originate from PAN affected by space weathering, rather than shocked anorthosite, would place an upper limit on shock in basin rings and central peaks.
The previous global survey revealed that the PAN exposure areas are widely distributed over the lunar surface. In addition to these PAN points, the FL points found in this study also indicate the existence of the residual primordial lunar crust. In other words, the total number of exposure areas of the lunar primordial crust is found to be larger. This may support the idea of a massive PAN layer below the lunar surface proposed by Yamamoto et al. [2012a] , although the thickness of the layer would be thinner than the original estimate [see Wieczorek et al., 2013] . Furthermore, although the FHT is covered by the uppermost mixing layer, which is spectrally LCP dominated, the FL and PAN sites could be less affected by the contamination of the mixing layer. They may correspond to a window into the earliest anorthosite from the LMO. If so, these sites may be good target sites for future lunar sample return or in situ analysis missions.
